Electronic structure calculations at the CASSCF and UB3LYP levels of theory with the aug-cc-pVDZ basis set were used to characterize structures, vibrational frequencies, and energies for stationary points on the ground state triplet and singlet O2+C2H4potential energy surfaces (PESs). Spin-orbit couplings between the PESs were calculated using state averaged CASSCF wave functions. More accurate energies were obtained for the CASSCF structures with the MRMP2/aug-cc-pVDZ method. An important and necessary aspect of the calculations was the need to use different CASSCF active spaces for the different reaction paths on the investigated PESs. The CASSCF calculations focused on O2+C2H4 addition to form the C2H4O2biradical on the triplet and singlet surfaces, and isomerization reaction paths ensuing from this biradical. The triplet and singlet C2H4O2 biradicals are very similar in structure, primarily differing in their C−C−O−O dihedral angles. The MRMP2 values for the O2+C2H4→C2H4O2 barrier to form the biradical are 33.8 and 6.1 kcal/ mol, respectively, for the triplet and singlet surfaces. On the singlet surface,C2H4O2 isomerizes to dioxetane and ethane-peroxide with MRMP2 barriers of 7.8 and 21.3 kcal/mol. A more exhaustive search of reaction paths was made for the singlet surface using the UB3LYP/aug-cc-pVDZ theory. The triplet and singlet surfaces cross between the structures for the O2+C2H4 addition transition states and the biradical intermediates. Trapping in the triplet biradical intermediate, following O32+C2H4 addition, is expected to enhance triplet→singlet intersystem crossing. 
I. INTRODUCTION
There is considerable interest in the dynamics and kinetics of reactions of molecular oxygen with hydrocarbons. 1, 2 This knowledge is important for modeling both combustion 3 and atmospheric 4 chemistry. In combustion, ground state 3 O 2 molecules react with RH alkane molecules, via a high energy transition state, to produce HO 2 and R radicals. 5 Triplet oxygen molecules react with alkenes and alkynes, via doublebond addition reactions, 1 with much lower potential energy barriers to produce biradicals such as These reactions may access much lower energy singlet reaction products via triplet→ singlet intersystem crossings. The thermal chemical kinetics and dynamics of 3 O 2 reactions with hydrocarbon fuels are important 6 to understand possible degradation of stored fuels. Unsaturated hydrocarbons are constituents in these fuels and expected to undergo reaction with 3 O 2 via low energy potential energy barriers. To model the long-term stability of these fuels, it is important to know rate constants for their reactions with 3 O 2 and the products formed.
Electronic structure calculations provide an important means to study potential energy surfaces for triplet and singlet oxygen reacting with unsaturated hydrocarbons. 1, [7] [8] [9] [10] These calculations also provide the coupling strength and geometries for transitions between the triplet and singlet potential energy surfaces. In previous work, several calculations have been reported [7] [8] [9] [10] for the reaction of electronically excited singlet O 2 ͑ 1 ⌬͒ with C 2 H 4 . Apparently, only one study has been reported for the reaction of ground state triplet O 2 with C 2 H 4 . 1 For the work presented here, extensive ab initio calculations were performed at the UB3LYP, CASSCF, and MRMP2 levels of theory to characterize the potential energy surfaces for the reactions of singlet O 2 ͑ 1 ⌬͒ and ground state triplet O 2 with C 2 H 4 . Of particular interest is a comparison of the predictions of these different theoretical methods and those for the methods used in previous studies. 1, [7] [8] [9] [10] The triplet potential energy surface ͑PES͒ was studied previously using a single-reference wave function, 1 but because of the biradical character of the intermediate and transition states for this surface a multireference method may be required to obtain a PES with more accurate energies. Structures, vibrational frequencies, and energies were calculated for stationary points on the triplet and singlet potential energy surfaces, as well as the "seam" connecting the triplet and singlet PESs. This information is expected to be helpful in analyzing the a͒ Electronic mail: bill.hase@ttu.edu. O 2 +C 2 H 4 reaction kinetics, and for developing semiempirical 11 specific reaction parameter 12 potential energy surfaces to simulate the triplet and singlet O 2 +C 2 H 4 reaction dynamics and transitions between the triplet and singlet surfaces.
II. COMPUTATIONAL METHODS
Electronic structure theoretical methods were used to investigate the ground triplet state and first excited singlet state PESs for the O 2 +C 2 H 4 reaction. The recent ab initio study by Hua et al., 1 using the QCISD͑T͒ / 6-311+ +G͑3df, 2p͒ ʈ MP2͑full͒ / 6-311G͑d,p͒ level of theory, illustrated the complex landscape for the ground state 3 O 2 +C 2 H 4 PES. The notation for each of the compounds in this work is consistent with that of Hua's work. In comparison to this triplet PES, much less is known regarding the singlet PES. UB3LYP ͑Refs. 13-15͒ calculations with the aug-ccpVDZ ͑Ref. 16͒ basis set were performed to locate stationary point structures for both PESs. These structures were then reoptimized using the complete active space self-consistent field ͑CASSCF͒ [17] [18] [19] method with the aug-cc-pVDZ basis set. The number of valence electrons for O 2 +C 2 H 4 is 24 and large, which makes it impossible to include all the valence electrons in the active space. Also, because of the electronic complexity of the O 2 +C 2 H 4 reactive system, it is difficult to choose an appropriate smaller active space for all regions of either the triplet or singlet PES. The approach used here was to divide each PES into individual reaction paths with active spaces of different sizes and characteristics. The focus was to select correct and consistent active spaces to accurately describe characteristics of the reaction pathways. The final CASSCF optimized wave functions were examined, based on configuration interaction ͑CI͒ coefficients for natural orbitals, to determine whether or not the desired active space was attained. Intrinsic reaction coordinate ͑IRC͒ calculations, using the same level of theory, were performed to ensure the smooth connection between the stationary points for a given active space. The default method used is the Gonzalez-Schlegel second-order method 20 with a step size of 0.3 bohr amu 1/2 . On occasion, however, the step size needed to be reduced to 0.1 bohr amu 1/2 to obtain an IRC that was smooth and that maintained the CAS during the entire IRC. Hessians were calculated to ensure the optimized stationary points are the first-order minima or maxima on the given PESs. After locating the stationary points, secondorder multireference Møller-Plesset perturbation theory ͑MRMP2͒ 21, 22 calculations were performed at these points to recover dynamic correlation and obtain more accurate energies. The above UB3LYP, CASSCF, and MRMP2 calculations were performed with the GAMESS ͑Ref. 23͒ computer program. 
III. GROUND STATE TRIPLET POTENTIAL ENERGY SURFACE
The isomerizations of IM1 to form IM2 ͑H 2 C-CH-O-O-H͒ and IM3 ͑H 3 C-CH-O-O͒ involve H-atom transfers. Cartesian coordinates for the stationary points are listed in the supporting information. 24 As described in Sec. II, because of the 3 O 2 +C 2 H 4 reactive system's electronic complexity, a different CASSCF active space was used for each of the above six reaction paths. Several different active spaces were examined to find the correct description of each reaction path. The sizes of the active spaces for the reaction paths and a description of the orbitals in the active spaces are given in Table I . Among the reaction paths on the triplet PES, only the oxygen addition path ͑via TS2͒ has lone pairs on the O-atoms in the active space, which correspond to the two OO bonds for molecular oxygen at the beginning of the path. Including these lone pairs introduces two additional orbitals inside the active space, which can be paired with two lone pairs. The resulting final optimized CASSCF orbitals include two in-out-correlation 25 ͑IOC͒ molecular orbitals. The IOC is also called an out-of-phase 10 contribution of molecular orbitals in different literatures. While it should theoretically be possible to keep these IOC orbitals out of the CAS, they continue to flip into the CAS. Therefore, a larger CAS that includes all of the chemically required orbitals and the IOC orbitals is required.
For molecular oxygen, either a ͑6,4͒ or ͑8,6͒ active space can correctly describe its properties. In this case, the two OO and two OO ‫ء‬ orbitals retain their character as pairs. However, this character gets lost during the oxygen addition reaction. The IRC calculation with either the ͑6,4͒ or ͑8,6͒ active space showed orbital root changing near the IM1 biradical product and produced an unreasonable CASSCF so-lution. Including two additional orbitals, as described above, solved this problem. An alternative choice might be a ͑2,2͒ or ͑4,4͒ active space, i.e., including two singly occupied OO ‫ء‬ orbitals for ͑2,2͒ or these orbitals with a OO and OO ‫ء‬ for ͑4,4͒. These choices for the active space give a consistent CAS during the IRC. However, when O 2 and C 2 H 4 separate, the energy of the singlet surface becomes lower than that of the triplet. This unrealistic behavior gives an artificial singlet-triplet surface crossing near the dissociation limit of the OO bond after the IM1 intermediate formation. The only active space which gives a correct description for both O 2 +C 2 H 4 and the IM1 intermediate is one including lone pairs on the O-atoms ͑or two OO orbitals͒ with additional pairs of these orbitals. The resulting CAS has IOC, but it was necessary to accurately describe the O 2 addition reaction path.
In Table II , the CASSCF and UB3LYP geometries calculated for TS1, TS2, and IM1 with the aug-cc-pVDZ basis set are compared with those calculated previously 1 using MP2 with the 6-311G͑d,p͒ basis set. Comparison of the CASSCF and MP2 geometries shows that the bond distances and angles vary by as much as 0.04 Å and 5°. The UB3LYP and CASSCF geometries are similar for IM1. However, for TS2 the difference in their bond distances is as large as 0.09 Å. TS1, for the abstraction pathway, is not present in the UB3LYP calculations. Thus, HO 2 +C 2 H 3 association to form 3 O 2 +C 2 H 4 is "downhill" without a saddle point. For the CASSCF and MRMP2 calculations, there is a weakly bound complex ͑structure in Fig. 1͒ between TS1 and the C 2 H 3 +HO 2 products giving rise to the saddle point, TS1. The MRMP2 potential energy curve for the 3 O 2 +C 2 H 4 abstraction path is illustrated in Fig. 2 . The absence of the weakly bound complex ͑WBC͒ and, thus TS1 for the UB3LYP calculation, may be a result of this theory's inability to accurately represent dispersion forces leading to WBC. 26 The lower MRMP2 energy for TS2 as compare to the IM1 energy is discussed in the next section. The CASSCF vibrational frequencies for TS1, TS2, and IM1 are listed in Table III . These are apparently the first reported values for these frequencies. The CASSCF vibrational frequencies for the other stationary points investigated ͑i.e., C 2 H 3 , HO 2 , TS3, C 2 H 4 O, TS4, C 2 H 3 O 2 , TS6, IM2, TS9, and IM3͒ are listed in the supporting information.
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B. Reaction energies
The MRMP2 energetics for the reaction paths are depicted in Fig. 2 . A comparison of relative energies for the above 3 O 2 +C 2 H 4 reaction paths calculated at the UB3LYP, CASSCF, and MRMP2 levels of theory with the aug-ccpVDZ basis set and at the MP2 and QCISD͑T͒ levels of theory with the 6-311G͑d,p͒ and 6-311+ +G͑3df, 2p͒ basis sets by Hua et al. 1 are given in and MRMP2 electronic energies for each of the stationarypoints are listed in the supporting information. 24 Table IV shows that the differences between the QCISD͑T͒ energies with BS2, i.e., 6-311+ +G͑3df, 2p͒, and the MRMP2 energies range between 1.8 and 11.9 kcal/mol. The largest energy difference is for TS3. This difference in QCISD͑T͒/BS2 and MRMP2 energies for TS3 is a result of its high multiconfigurational ͑i.e., multireference͒ character. The natural orbital occupation numbers of the CASSCF optimized orbitals show high multiconfigurational character 27 for the OO, OO ‫ء‬ , O 2p, and C 2p orbitals, which represent the biradical character of TS3. It is well known 19 that methods based on a single determinant, including QCISD͑T͒, often miss important static correlations for the electronic energy. The CASSCF energy decreases by 6.1 kcal/mol in going from TS2 to IM1. However, when calculating MRMP2 energies at the CASSCF optimized geometries, the MRMP2 energy for IM1 is 1.4 kcal/mol higher than that for TS2. This apparently results from different MRMP2 and CASSCF geometries for TS2. Calculating MRMP2 energies, along the CASSCF IRC connecting 3 O 2 +C 2 H 4 with IM1, yields a barrier at a C ---O 2 distance of 1.687 Å in contrast to 1.784 for this distance at the CASSCF barrier. The value of the resulting MRMP2 barrier is 36.4 kcal/mol, which is 1.2 kcal/mol higher than the MRMP2 energy for IM1.
Effects of the size of the active space on the CASSCF and MRMP2 barrier heights are given in Table V for the different reaction paths. The barriers vary by ϳ2 kcal/ mol as the size of the active space is changed. The dependencies of MRMP2 barrier heights on the size of active spaces are different for each pathway. For the paths proceeding via TS3, TS4, and TS9, the ͑6,6͒ active space gives nearly same barrier heights as larger active spaces. For the TS4 path, the energies for the ͑6,6͒ and ͑12,12͒ active spaces are quite The OO and OO ‫ء‬ orbitals form different sets of pairs. Two of the OO ‫ء‬ are considered as a pair, and two more virtual orbitals were added to make a pair with the remaining OO ͑or lone O 2p͒. This CAS has IOCs. similar. For the TS1, TS2, and TS6 paths, active spaces substantially larger than ͑6,6͒ are required. For the H-atom dissociation and migration paths, involving TS4 and TS9, there is a slight increase in the barrier height with increasing size of the active space. On the other hand, for the O-atom dissociation path, involving TS3, there is a slight decrease in the barrier height with increasing size of the active space.
IV. EXCITED STATE O 2 " 1 ⌬… POTENTIAL ENERGY SURFACE
Previous studies have investigated possible pathways for the O 2 ͑ 1 ⌬͒ +C 2 H 4 addition reaction and stationary points on its singlet PES. [7] [8] [9] [10] The earliest calculations were performed at the CNDO/2-CI, MINDO/3, and GVB-CI levels of The active space for the CASSCF calculations for TS1 is ͑16,14͒, and for TS2 and IM1 it is ͑12,12͒ ͑see A. Pathways for dioxetane and ethene-peroxide formation
Previous studies of reaction paths and structures
Previous studies 7-10 of the 1 O 2 +C 2 H 4 system mainly focused on possible mechanisms for dioxetane formation from 1 O 2 +C 2 H 4 . Both a biradical and perepoxide were suggested as the intermediate for the initial oxygen addition step. Tonachini et al. 8 used the CASSCF͑4,4͒/4-31G level of theory to locate the transition state for the oxygen addition reaction. The optimized higher-order saddle point, in C s symmetry, for the reaction of 1 O 2 +C 2 H 4 → perepoxide had two imaginary frequencies, i.e., one with a motion corresponding to two C -O bond formations and the other motion distortion of two C-C-Oangles leading to a lower C 1 symmetry structure, such as the biradical transition state ͑Fig. 3͒. For biradical formation by direct attack of 1 O 2 to ethylene, two transition states were optimized each with one imaginary frequency. One transition state has C s symmetry, with a 180°C-C-O-O dihedral angle, which connects to a biradical minimum with C s symmetry. The other transition state has C 1 symmetry, with a gauche type structure, which leads to a C 1 gauche type biradical minimum. Yoshioka et al.
9 also characterized C s and C 1 biradicals using the UNO CASSCF͑2,2͒ / 6-31G ‫ء‬ level of theory. From this study, the C 1 gauche biradical was determined as a minimum energy structure with respect to conformation changes of the biradical, which is consistent with our calculations.
Later work by Maranzana et al., 10 using CASSCF͑10, 8͒ / 6-31G
‫ء‬ theory, showed that the biradical is the kinetically stable intermediate after oxygen addition reaction and perepoxide is formed from the biradical intermediate, and not from 1 O 2 +C 2 H 4 . They also characterized a transition state for ring closure of the biradical to form dioxetane using the same level of theory. After locating the stationary points, they used the larger active space, ͑10,10͒, for the single point calculations with CASSCF and CAS-PT2 theories to obtain better energetics.
UB3LYP calculations, performed for the work presented here, give the same reaction paths and structures as found by Maranzana et al. 10 Using UHF theory, a TS with only one imaginary frequency, could be found connecting 1 As described in Sec. II, because of the 1 O 2 +C 2 H 4 reactive system's electronic complexity, different CASSCF active spaces were used for the above reaction paths. The sizes of the active spaces for the reaction paths, and a description of their orbitals, are given in Table I . For the same reason as described above for the O 2 addition path on the triplet PES to form IM1, the ͑12,12͒ active space is required to describe the O 2 molecule and the product biradical IM1-s on the singlet PES. As for the triplet PES, the ͑12,12͒ active space results in IOC for the final optimized singlet orbitals. To compare effects of the presence of IOC in the CAS, two different CAS sizes were investigated for both path b, ring closure of the biradical IM1-s, and path c, hydrogen migration for this biradical. For path b, the ͑8,8͒ CAS does not include IOC and the ͑12,12͒ CAS is the same as ͑8,8͒, but with two O 2 lone pair orbitals and corresponding IOC molecular orbitals. Similarly for path c, the ͑10,10͒ CAS does not include IOC molecular orbitals, but the ͑14,14͒ CAS does. As discussed below, in comparison to the 1 O 2 addition pathway, including OO or lone pairs in the CAS, with resulting IOC, does not have a significant effect on the characteristics of paths b and c. The geometries shown in Fig. 3 are for the largest active spaces described in Table I .
The CASSCF/aug-cc-pVDZ and UB3LYP/aug-cc-pVDZ geometries for TSa, IM1-s, TSb, DO, TSc, and IM2-s are compared in Table VI with those calculated previously 9 using UNO CASSCF/ 6-31G ‫ء‬ theory. Overall, the CASSCF, UB3LYP, and UNO CASSCF geometries are in good agreement. For the potential minima of IM1-s, dioxetane, and IM2-s, the largest differences between CASSCF and UB3LYP bond lengths and angles are 0.080 Å for the C -C bond of dioxetane and 20.8°for the O-O-C-C dihedral of IM2-s. The differences between the CASSCF geometries and those given by UB3LYP are greater for the TSs. In comparing CASSCF and UB3LYP TS structures, the largest bond length and angle differences are 0.149 Å for the O ---C bond of TSb and 10.4°for the O ---C-C angle of TSa.
The CASSCF vibrational frequencies for the stationary points on the singlet PES are listed in Table VII . The major components of the imaginary frequencies are C ---O stretch for TSa, C ---O stretch for the ring closure motion for TSb, and antisymmetric stretch for C ---H and O ---H combined with C-O-O bending motion for TSc. The major component of the lowest frequency motion for IM1-s is the C-C-O-O torsion. A comparison between the UB3LYP and CASSCF vibrational frequencies, for these stationary points, is given in the supporting information. 
Reaction energies
MRMP2 single point energies were calculated at the CASSCF geometries for the above stationary points, and the resulting energies and potential energy diagram are given in Fig. 4 . The MRMP2 energies are compared with those given by the UB3LYP/aug-cc-pVDZ and CASSCF/aug-cc-pVDZ theories in Table VIII . CASSCF, MRMP2, and UB3LYP electronic energies for the stationary points are listed in the supporting information. 24 For the paths proceeding via TSb and TSc, the UB3LYP, CASSCF, and MRMP2 energies are in overall good agreement, particularly between UB3LYP The active space of the CASSCF calculations for TSa, IM1-s, TSb, and DO is ͑12,12͒ and for TSc and IM2-s is ͑14,14͒-see Table I for details. and MRMP2. The MRMP2 energies are substantially lower than those given by UB3LYP and CASSCF for the 1 O 2 addition path to from IM1-s. This arises in part from the difficulty of those latter theories to correctly describe the electronic structure of 1 O 2 . However, the low MRMP2 barrier for this reaction appears to also arise from different MRMP2 and CASSCF structures for TSa. Calculating MRMP2 energies, along the CASSCF IRC connecting 1 O 2 +C 2 H 4 with IM1-s, yields a barrier at a C ---O 2 distance of 1.997 Å and longer than the value of 1.862 at the CASSCF barrier. The value of the resulting MRMP2 barrier is 10.2 kcal/mol.
Effects of the size of the active space on the CASSCF and MRMP2 reaction energetics are given in Table IX . As discussed above, the ͑12,12͒ active space is required for the O 2 addition reaction path. For the ring closure path the ͑8,8͒
and ͑12,12͒ active spaces give quite similar MRMP2 energies. However, for the H migration path, the energies vary by ϳ6 kcal/ mol between the ͑10,10͒ and ͑14,14͒ active spaces.
The CASSCF energies of Maranzana et al. 10 are in rather good agreement with our results except the relative energy of dioxetane with respect to 1 O 2 +C 2 H 4 is 13.5 kcal/mol higher in their calculations. This difference might result from the different basis sets used for the two calculations. It is also possible that diffuse functions, which are included in the aug-cc-pVDZ basis set, may play an important role in this particular region of the PES. On the other hand, our MRMP2 and their CASPT2 relative energies for dioxetane are similar. Their barrier height for the ring closure path is 8.1 kcal/mol and very similar to our MRMP2 value of 8.0 kcal/mol. There is a substantial difference between the respective CASPT2 and MRMP2 barrier heights of 17.5 and 6.1 kcal/mol for the TABLE VII. CASSCF vibrational frequencies for the singlet PES. ͑The frequencies are in cm −1 . The basis set used for the calculations is aug-cc-pVDZ. The active space used, in the CASSCF calculations for each stationary point, is the largest active space described in Table I.͒   TSa  IM1-s  TSb  DO  TSc  IM2-s TABLE VIII . Comparison of UB3LYP, CASSCF, MRMP2, and GVB-PP relative energies for 1 O 2 +C 2 H 4 . ͑Energies are in kcal/mol. The aug-ccpVDZ basis set was used for the UB3LYP, CASSCF, and MRMP2 calculations. The active spaces used for the CASSCF and MRMP2 calculations are those described in Table I 
B. Additional pathways on the UB3LYP PES
An extensive search of stationary points for the singlet PES was made at the UB3LYP/aug-cc-pVDZ level of theory and the results are shown in Figs. 5 and 6, with the structures of transition states and intermediates given in Fig. 5 . Singlet oxygen and ethylene may react via a high energy TS, TSg, to form HOOH and H -C ---C -H. The intermediate IM2-s is a gateway to multiple intermediates and transition states leading to the products CH 3 CHO+ O͑ 1 D͒, CH 3 CHO+ O͑ 3 P͒, and •CH 2 CHO+ • OH. Transition states leading to these dissociation products and two H 2 CO molecules were not identified.
V. TRIPLET/SINGLET SURFACE CROSSING
A. Surface crossing of the lowest lying triplet and singlet states
The 3 O 2 → 1 O 2 energy difference between their classical potential minima is 19.4 kcal/mol and its adiabatic 0-0 excitation energy is 19.3 kcal/mol, using CASSCF͑8,8͒/aug-ccpVDZ. The experimental adiabatic 0-0 transition energy is 22.5 kcal/mol. 28 The optimized O -O bond length in the singlet state is 1.230 Å, which is slightly larger than the triplet minimum.
The energy difference between the lowest lying triplet and singlet states becomes smaller as the oxygen molecule approaches ethylene. At the structure of the oxygen addition on the triplet PES, i.e., TS2, the triplet energy is 6.1 kcal/mol lower than singlet state. At the oxygen addition transition state on the singlet surface, i.e., TSa, the singlet energy is 4.9 kcal/mol lower than the triplet energy. This energy difference becomes even smaller near the biradical intermediates. At IM1, the triplet biradical minimum, the triplet is 1.4 kcal/mol lower in energy. At IM1-s, the singlet biradical minimum, the singlet is 1.4 kcal/mol lower in energy than the triplet. The major difference in structures of the triplet and singlet biradical minima is for the C-C-O-O dihedral angle 180.0°for the triplet and 101.9°for the singlet. This indicates that the triplet and singlet surface crossing is possible near these transition states and biradical minima.
Minimum energy crossing point ͑MXS͒ optimization was performed with CASSCF͑12,12͒/aug-cc-pVDZ, without any geometry constraint, using a Lagrange multiplier to impose a constraint of equal energy upon the two states. 29 The optimized structure of the MXS is shown in Fig. 7 Fig. 9 . Figure 9 shows a similar trend as Fig. 8͑a͒ , i.e., the crossing seam moves to a smaller C-C-O-O dihedral angle when the C -O bond length becomes larger. The range of the PES scan in Fig. 9 is between the TSs and biradical minima for both the triplet and singlet states.
Compared to the energy difference between the lowest triplet and singlet surfaces for the biradical, the energy differences between these surfaces and their first excited states are quite large at the biradical region of the PESs. The ground state of the triplet biradical in C s symmetry, i.e., IM1, is the AЉ state. Based on state averaged CASSCF calculations with the lowest two states, SA-2-CASSCF͑12,12͒/augcc-pVDZ, its closest excited state is the AЈ state and is 21.0 kcal/mol higher in energy. Also, the closest singlet excited state of the singlet biradical, i.e., IM1-s, is 45.0 kcal/mol higher in energy. These first excited states of the triplet and singlet biradicals are associated with two degenerate states of the O 2 molecule. These initially degenerate states start to separate as O 2 approaches C 2 H 4 . Although these excited states were not characterized for the oxygen addition reaction paths, one might expect given their high energies that they are relatively unimportant for the reaction dynamics on the triplet and singlet PESs.
B. Spin-orbit coupling between the triplet and singlet surfaces
To estimate the probability of possible transitions between the lowest lying triplet and singlet states, spin-orbit coupling ͑SOC͒ calculations were performed. The initial orbitals were prepared using a SA-2-CASSCF͑12,12͒/aug-ccpVDZ calculation, with the lowest singlet and triplet states. Since the higher excited states for both the triplet and singlet are quite far away in energy, only the lowest triplet and singlet states were included for the state averaged CASSCF calculation. Equal weights were given to both of the states. The standard Breit-Pauli method was used as implemented in GAMESS, 23, 30 to compute the magnitude of the SOC near the biradical minima and MXS. The calculated SOC values at the critical points are 0.2, 7.8, and 5.9 cm −1 for IM1, IM1-s, and MXS, respectively. SOC values for the region PES near the MXS were also computed and shown in Fig.  8͑b͒ . These small SOC values indicate that there is a weak coupling between the two surfaces in this region of the PES. Although there is a very small probability for the transition at the biradical minima, the actual reaction dynamics may result in a much higher transition probability. As 1 O 2 and C 2 H 4 collide, with O 2 rotation, there may be multiple encounters of the crossing seam. Possibly more important, if trapped in its potential energy minimum the triplet biradical may have an appreciable lifetime providing multiple opportunities for a transition from the triplet to the singlet surface. The rotation of the dihedral angle is expected to be very important for these multiple encounters of the crossing seam. 
VI. SUMMARY
In the work presented here, electronic structure theory is used to study the ground state triplet and singlet PESs for the O 2 +C 2 H 4 reaction, and the coupling between these surfaces. Structures, vibrational frequencies, energies, and IRCs connecting stationary points are calculated at the CASSCF and UB3LYP levels of theory with the aug-cc-pVDZ basis. Single point energies are calculated at the CASSCF optimized geometries using MRMP2/aug-cc-pVDZ theory. An important and critical feature of the CASSCF calculations is the need to use different active spaces for different reaction paths on both the triplet and singlet surfaces.
There are two reaction paths for 3 Ethene-peroxide is an intermediate and a gateway to multiple isomerization and dissociation channels on the singlet PES. These channels were studied at the UB3LYP/augcc-pVDZ level of theory and the results are shown in Fig. 6 . The lowest energy dissociation products identified are IM2-s→ IM3-s. It is quite possible that these channels are accessed by 3 O 2 +C 2 H 4 collisions via triplet→ singlet intersystem crossing transitions.
Crossing between the singlet and triplet potential energy surfaces was studied in the region of the C 2 H 4 O 2 biradical intermediates IM1 and IM1-s on the triplet and singlet PESs. The minimum energy value of a crossing seam ͑MXS͒ was found for a structure intermediate of those for the O 2 +C 2 H 4 addition transition states and the biradical intermedi- ates. The crossing seam extends into the O 2 +C 2 H 4 initial interaction region and nonadiabatic transitions are possible as the reactants collide. The crossing and separation of the triplet and singlet surfaces was studied as a function of the C-C-O-O dihedral angle and the C -O distance. For structures corresponding to IM1, IM1-s, and MXS, the spin-orbit coupling varies from 0.2 to 7.8 cm −1 , principally as a result of changes in the dihedral angle.
Finally, in future work, it will be of interest to use chemical dynamics simulations to investigate nonadiabatic electronic transitions between the O 2 +C 2 H 4 triplet and singlet PESs. In particular, it will be of interest to calculate both the 3 
